Background: Differences in energy metabolism and physical activity (PA) may contribute to the long-term regulation of body weight (BW). Objective: To examine the associations between metabolic determinants, energy expenditure and objectively measured components of PA with change in BW and fat mass (FM). Design: Prospective (4 years.), case-control study in obese (n ¼ 13) and normal weight (n ¼ 15) young adults. Measurements: At baseline, we measured resting metabolic rate, substrate oxidation, movement economy (ml O 2 kg À1 min À1 ), aerobic fitness (VO 2max ), total and PA energy expenditure by doubly labelled water, and PA by accelerometry. Fat mass was measured by DXA. At follow-up we repeated our measurements of PA and FM. Results: Fat mass increased significantly (Po0.001) in both groups. Physical activity did not change between baseline and 'follow up'. Change in overall PA (counts per minute) was inversely associated with change in BW and (b ¼ À0.0124, P ¼ 0.054) and FM (b ¼ À0.008, P ¼ 0.04). Post hoc analyses suggested that this association was explained by changes in the normal weight group only (b ¼ À0.01; P ¼ 0.008; and b ¼ À0.0097; P ¼ 0.009, for BW and FM, respectively). Metabolic determinants, energy expenditure estimates and subcomponents of PA (i.e. time spent at different intensity levels) were not significantly associated with change in BW or FM. Conclusion: Our results suggest an independent association between PA and FM. However, this association may differ depending on obesity status. The gain in FM, without any change in PA, may suggest that dietary intake is the major contributor to the positive energy balance.
Introduction
Recent data from the US, Australia, Latin America and a number of European countries consistently demonstrate that the prevalence of overweight and obesity is increasing exponentially in all age groups, [1] [2] [3] [4] [5] [6] [7] and is now of pandemic proportions. 8 Obesity is multifactorial, involving genetic, 9, 10 physiological, 11 social, cultural and environmental components. 12 Gain in body weight (BW) and fat mass (FM) is the consequence of a positive energy balance over time. Thus, it has been suggested that the rise in the prevalence of excess BW and FM during the last decades is most likely due to environmental changes, such as easy access to large portion sizes of energydense foods and reduced levels of physical activity (PA) related energy expenditure, or a combination of both. 8, 12, 13 Differences in energy metabolism and in PA may contribute to long-term BW regulation and the aetiology of obesity. However, subcomponents of PA (i.e. time spent sedentary and at different intensity levels) and physical activity energy expenditure (PAEE) are difficult to measure precisely during free-living conditions because of the complex nature of the exposure. A recent review concluded that low levels of PA are only weakly related to gain in BW in prospective cohort studies, 14 and that few studies have measured PA and PAEE by objective methods, which is needed to address dose-response issues. Most studies incorporating an objective measure of PA have been unable to demonstrate a prospective association between PA or PAEE and change in BW or FM. [15] [16] [17] [18] [19] One recent study has suggested a prospective association between PA and change in FM but this association was modified by age. 20 Furthermore, the potential impact of exercise intensity on change in BW and FM remains elusive, [21] [22] [23] [24] and it is not known which if any of the subcomponents of free-living PA contributes more to change in BW and FM. We have previously observed that obese adolescents are less physically active, than an age-and sex-matched normal weight control group but that there is no difference in absolute PAEE. 25 The results from that study also suggest that PA might not necessarily be equivalent to the energy cost of activity. 25 However, cross-sectional associations only imply causality, but not its direction and only if they are not explained by chance, bias or confounding. Furthermore, it is unknown whether metabolic determinants, PAEE and subcomponents of PA equally predict gain in BW and FM among obese and normal weight individuals. The aim of this study was therefore to examine the prospective associations between metabolic determinants, energy expenditure estimates and objectively measured PA with change in BW and FM among obese and normal weight young adults.
Subjects and methods

Subjects
In years 1999 and 2000, we recruited 18 obese (body mass index (BMI)430 kg m
À2
) adolescents and 18 age-and sexmatched normal weight controls (BMIo25 kg m
) in a population based case-control study to examine the crosssectional differences in energy expenditure and PA patterns between obese and normal weight adolescents. 25 All participants were reinvited for 'follow up' measurements 4 years later. Thirty of the 36 eligible individuals agreed to participate in follow-up measurements. Of these, one obese female subjects was excluded due to a 30 kg weight loss from gastric bariatric surgery and one obese individual was excluded from the longitudinal analyses due to malfunction of the PA monitor at 'follow up'. All volunteers were healthy, did not use any medications (except for oral contraceptives in girls), and no have signs of impaired glucose tolerance (i.e. o6.1 mmol l
À1
), either at baseline or at 'follow up'. All participants provided written informed consent and the study protocol was approved by the Ö rebro County Council ethical committee.
Energy expenditure and physical activity measurements All baseline energy expenditure and metabolic measurements have been described previously. 25, 26 ). Baseline total energy expenditure (TEE) was measured by the doubly labelled water method over a 14-day period according to Westerterp et al., 28 as previously described. 25 Urine samples were analysed in duplicate with an isotoperatio mass spectrometer (Optima; VG Isogas Ltd, Micromass, Manchester, UK). CO 2 production was converted to TEE using an energy equivalent based on the individual food quotient (FQ) calculated from the macronutrient composition of the diet as described by Black et al., 29 assuming the respiratory quotient (RQ) to be equal to FQ. A 7-day precoded food record 30 was used for recording of food intake. 25 Physical activity energy expenditure was calculated as TEE Â 0.9 minus RMR, with correction for a 10% dietinduced theromgenesis. 31 Minute-by-minute body movement (i.e. physical activity) was measured by a uniaxial accelerometer (Actigraph, Manufacturing Technology Incorporated, Fort Walton Beach, FL USA) for 14 consecutive days simultaneously as the TEE measurements at baseline. 25 Activity data during the first week was highly correlated with activity data during the second week (r ¼ 0.81, Po0.001).
At 'follow up', PA was measured for 7 consecutive days using the same accelerometer (Actigraph). All activity data were averaged over the measurement periods and only days on which4600 min of data were registered were included in the analysis. All volunteers provided at least 10 days of valid activity data during baseline measurement and at least 6 days during 'follow up'. Overall PA (i.e. counts per minute (c.p.m.)) was calculated as total registered movement counts per registered time. We also defined time spent at different intensity levels as follows: sedentary behaviour was defined as o100 c.p.m. and light intensity activity as 101-1951 c.p.m.. The cutoff for sedentary behaviour is an arbitrary threshold, which we have used previously. 25 Intensity thresholds for moderate (1952-5724 c.p.m.) and vigorous intensity activity (45725 c.p.m.) were defined according to Freedson et al. 32 In all analyses, time spent at different intensity levels were expressed as a fraction (%) of registered time per day. We calculated change in PA variables as 'follow up' PA minus baseline PA.
Anthropometry and body composition
The anthropometric and body composition measurements have previously been described. 25, 26 Briefly, height, BW, waist to hip circumference and skinfold measurements were collected by the same researcher at baseline and 'follow up'. Fat mass, fat free mass (FFM) and bone mineral content was measured by dual-energy X-ray absorptiometry with a Lunar DPX-L densitometer (Lunar Corp, Madison, WI, USA) at baseline and 'follow up'. The same researcher performed all scans on both occasions using the adult scan mode, and the densitometer was calibrated before each test.
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Nutrient oxidation
We calculated resting fat oxidation rate (g h
À1
) from O 2 consumption and CO 2 production from the lowest 15-min period of baseline RMR measurements according to Frayn. 33 We assumed that protein oxidation covered 12% of RMR in both obese and normal weight subjects. Similarly, we calculated baseline submaximal exercise fat oxidation rate from the last 3 min during walking at 4 km h
. Respiratory quotient was calculated as the ratio of O 2 consumption and CO 2 production.
Statistics
Descriptive summary statistics were calculated using means and standard deviations (s.d.) at baseline and follow-up. Differences in body composition variables and PA between baseline and 'follow up' were examined by paired t-test. Associations between variables were assessed by linear regression analysis. For all analyses, BW or FM at follow-up was modelled as the outcome variable. Using generalised linear modelling the independent prospective associations of energy expenditure (i.e. RMR, TEE and PAEE), and metabolic variables (resting and submaximal fat oxidation, resting and submaximal RQ and movement economy) at baseline with BW and FM at follow-up were assessed. These associations were adjusted for sex, obesity group (i.e. normal weight vs obese), duration of follow-up, and baseline FM and FFM. Interaction terms (e.g. group Â RMR) were included in the models.
We modelled the prospective associations between overall PA (c.p.m.) and the subcomponents of PA (i.e. fraction of time spent sedentary and at different intensity levels) with changes in BW and FM by generalised linear modelling, adjusting for sex, obesity group, duration of 'follow up' and baseline BW or FM (depending on the outcome variable of interest) and testing for interaction as described above. We thereafter modelled whether change in PA variables was associated with BW and FM at follow-up after adjustment for the same confounding variables as above. Finally, we reanalysed our data by substituting FM by the FM index 34, 35 as the outcome variables. All analyses were conducted using the SPSS for windows (Ver. 11, SPSS Inc. Chicago, IL, USA). Po0.05 denotes statistical significance.
Results
Descriptive characteristics at baseline and 'follow up' are shown in Table 1 . The median follow-up duration was 4.0 years (range: 3.7-4.2 years). During this time, BW, BMI, FM and FFM increased significantly (Po0.01) in both obese and normal weight individuals (Table 1) . Fat mass at baseline was significantly correlated with FM at 'follow up' among obese (r ¼ 0.86, Po0.001) and normal weight individuals (r ¼ 0.83, Po0.001) (Figure 1 ). Metabolic and energy expenditure determinants of change in BW and FM Metabolic characteristics at baseline are shown in Table 2 . Baseline substrate utilisation, RQ during rest and submaximal exercise (walking at 4 km h À1 ), and movement economy (mlO 2 kg À1 min À1 ) during submaximal exercise did not predict BW or FM at follow-up after adjustment for gender, obesity group, follow-up time, and baseline FM and FFM. Further, baseline aerobic fitness (VO 2max ) was not associated with BW or FM at follow-up after adjustment for the same confounders as above. Baseline RMR, TEE and PAEE did not predict BW or FM at follow-up after adjustment for gender, obesity group, 'follow up' time, and baseline FM and FFM. No significant interactions (obesity group by main exposure) were observed for any of these associations.
Physical activity and change in BW and FM Overall PA (c.p.m.), and fraction of time spent at moderate and vigorous intensity activity were significantly higher in Table 1 Descriptive characteristics of participants (n ¼ 28) Physical activity and change in fat mass U Ekelund et al the normal weight individuals at baseline and at 'follow up' (Po0.001). Overall PA (c.p.m.) did not change within groups over the 4-year period, whereas the fraction of time spent at vigorous intensity significantly decreased (Po0.01) in both groups (Table 1) . Overall PA (c.p.m.) at baseline was borderline significantly associated with PA at 'follow up' among obese (r ¼ 0.51, P ¼ 0.07) but not among normal weight subjects (r ¼ À0.12, P ¼ 0.66) (Figure 2 ). Baseline PA (i.e. c.p.m., and fractions of time spent sedentary, and at different intensity levels) did not predict BW and FM at follow-up after adjustment for sex, obesity group, follow-up time and baseline BW or FM. Change in overall PA (c.p.m.) was borderline significantly associated with BW at follow-up (b ¼ À0.0124, (95% CI; À0.021-0.003), P ¼ 0.054) after adjustment for sex, obesity group, follow-up time and baseline BW. However, post hoc analysis indicated that this association was explained by the variation in the normal weight group (b ¼ À0.011, (95%CI; À0.019 to À0.003), P ¼ 0.003 vs b ¼ À0.018, (95%CI; À0.061-0.073), P ¼ 0.55, among normal weight and obese groups, respectively). Similarly, change in overall PA was significantly associated with FM at follow-up (b ¼ À0.008, (95%CI; À0.016 to À0.0006), P ¼ 0.04) after adjustment for the same confounders as above. Sex and baseline FM explained 16.4% (adjusted R 2 ) of the variation in FM at follow-up, and change in PA explained an additional 11.1% (adjusted R 2 ) of this variation. Post hoc analysis indicated that this association was due to the variation in the normal weight group (b ¼ À0.0097, (95%CI; À0.016 to À0.003), P ¼ 0.009 vs b ¼ À0.0036, (95%CI; À0.038-0.033), P ¼ 0.82, among normal weight and obese groups, respectively). Figure 3 shows the associations between changes in PA with changes in FM. No other PA variable (i.e. fraction of time spent sedentary, and at different intensity levels) were associated with BW and FM.
Finally, we substituted FM by the FM index (FM divided by height squared) and reanalysed our data and the results were materially unchanged.
Discussion
We show here the prospective associations between metabolic determinants, energy expenditure estimates and objectively measured PA, with change in BW and FM among obese Physical activity and change in fat mass U Ekelund et al and normal weight young adults over a 4-year period. Baseline metabolic determinants, energy expenditure estimates and PA variables were not significantly associated with BW and FM at follow-up. However, our results suggest a causal association between changes in overall PA with change in FM. This association was explained by the variation observed in the normal weight group and may differ between normal weight and obese individuals. Time spent sedentary and at different intensity levels of activity were not prospectively associated with BW and FM at follow-up. The ability to detect the association between PA and change in FM that we report in the present study is dependent upon several factors. These include the precision of exposure and outcome measurement, the magnitude of the association between exposure and outcome, and the sample size. We measured metabolic determinants and energy expenditure at baseline and body composition and PA at both baseline and 'follow up' by objective and validated methods, including the doubly labelled water method for determining TEE. PA (i.e. body movement) was objectively measured by accelerometry, previously validated 36, 37 and FM was measured by dual-energy X-ray absorptiometry at both baseline and 'follow up'. It is therefore unlikely that our measures of PA and body composition are differentially biased between exams. However, one should be cautious to attribute major importance to unmeasured factors only by means of inference.
It is equally likely that the small effect size of activity is explained by measurement error, for example, if PA had been measured several times a year during follow-up one would have been more sure about how much it really changed. 38 All follow-up measurements were performed during the same time of the year (late spring and early summer), which reduce the possibility that any seasonal variations in activity behaviour and body composition explain our findings. Gender did not contribute to the explained variance in BW or FM at 'follow up' (data not shown). Our small sample size may be a limiting factor and may affect the study's capacity to detect gender differences, associations between metabolic determinants, energy expenditure measurements and PA with change in BW and FM. Therefore, our findings should be evaluated cautiously and explored in larger longitudinal studies. However, this study provides a rare opportunity to examine the associations between changes in precisely measured levels of activity with changes in BW and FM among obese and normal weight individuals and it is unlikely that the observed association between change in overall activity level with changes in FM are due to measurement error or bias.
Among obese individuals, PA levels were low at baseline and at 'follow up' and the within individual variability in activity was low between baseline and 'follow up'. In contrast, in the normal weight group, activity levels were high at both baseline and 'follow up', and the within individual variability in activity levels were substantial. The lack of association between change in activity and change in FM in our obese individuals may be explained by the stability in activity level observed in this group compared with normal weight individuals. This then raises the question of whether obese individuals are unable to change their activity level and whether the behaviour of being physically active is biologically or environmentally driven. It was recently proposed, in an experimental over-and under-feeding study, that posture allocation did not change when obese individuals lost weight or when lean individuals gained BW. 39 These authors therefore suggested that posture allocation is biologically determined. It has also recently been suggested that free-living accelerometry measured PA is largely explained by genetic factors. 40 Our data may partly support this, as PA did not change over time despite a significant gain in BW and FM in both groups. However, more frequently repeated measurements of activity and body composition are needed to confirm this hypothesis. It is also possible that low and stable activity levels, as observed in the obese group, are a consequence of their obesity and that obesity is a predictor of physical inactivity. 41 Physical activity and PAEE are only weakly related to gain in BW and FM.
14 Indeed, our analysis suggests that PA is only associated with gain in FM among normal weight individuals, whereas among obese individuals change in activity level was not related to change in BW and FM. Longitudinal Physical activity and change in fat mass U Ekelund et al associations control for measured and unmeasured confounders provided these have not changed differentially over time. Therefore, if the null effect of change in PA on change in FM in the obese is real, this would suggest that other unmeasured confounding factors, such as energy intake, explain the change in FM over the follow-up period.
The data presented here indicate that change in FM of 1 kg over a 4-year period is equal to a change in PA of about 125 c.p.m. Based on our previous observations, 42 this amount of PA is broadly similar to 20 kJ kg À1 day
À1
. For the normal weight and obese individuals in this study this is similar to a change in PAEE of about 1400 and 2200 kJ day À1 , respectively. This amount of energy is approximately equal to walking for more than 60 min day
. As previously hypothesised 11, 43 and recently demonstrated 19 dietary intake may be the major contributor to a positive energy balance, gain in FM and thus obesity in humans. Given that both groups in the present study gained in BW and FM without any mean change in activity level over the 4-year 'follow up' period, the amount of activity did not seem to be sufficient to offset the influence of other factors such as dietary intake on a positive energy balance. Overall PA measured by accelerometry, but not PAEE, which was precisely measured by the DLW method, predicted change in FM in the obese but not in the normal weight participants. The output from accelerometry is an integrated measure of total body movement and reflects the behavioural part of activity, whereas PAEE is an integrated measure of the energy cost of activity. We have previously suggested that PA measured by accelerometry is not necessarily equivalent to the energy cost of activity as activity related energy expenditure is influenced by BW. 25 Thus, the behavioural component of activity may not be captured when PAEE is measured by the DLW method, which may then explain the nonsignificant prospective associations previously observed between activity energy expenditure and gain in FM. [15] [16] [17] [18] [19] The impact of exercise intensity on change in body composition is equivocal. [20] [21] [22] [23] Our results suggest that change in overall activity, but not change in any of the subcomponents of activity, is inversely associated with change in FM. This would then suggest that an increase in overall PA, regardless of the exercise intensity, might be an effective strategy to prevent FM gain. However, this should be interpreted cautiously due to our small sample size. In summary, we show here the prospective associations between metabolic determinants, energy expenditure estimates, and objectively measured PA with change in BW and FM among obese and matched normal weight control individuals over a period of 4 years. Our results suggest a causal association between overall PA and FM. However, this association may differ depending on obesity status. Further, the gain in BW and FM over the 'follow up' period, without any changes in activity levels suggests that dietary intake may be the major contributor to the long-term positive energy balance.
